We study the demagnetization dynamics of the fully compensated half-metallic ferrimagnet Mn2RuxGa. While the two antiferromagnetically coupled sublattices are both composed of manganese, they exhibit different temperature dependencies due to their differing local environments. The sublattice magnetization dynamics triggered by femtosecond laser pulses are studied to reveal the roles played by the spin and intersublattice exchange. We find a two-step demagnetization process, similar to the well-established case of Gd(FeCo)3, where the two Mn-sublattices have different demagnetization rates. The behaviour is analysed using a four-temperature model, assigning different temperatures to the two manganese spin baths. Even in this strongly exchange-coupled system, the two spin reservoirs have considerably different behaviour. The half-metallic nature and strong exchange coupling of Mn2RuxGa lead to spin angular momentum conservation at much shorter time scales than found for Gd(FeCo)3 which suggests that low-power, sub-picosecond switching of the net moment of Mn2RuxGa is possible.
Beaurepaire et al. 1 demonstrated in 1996 that the magnetization of a ferromagnet can be changed on the sub-picosecond timescale thereby raising the possibility that the combination of magnetism and light may bridge the 'terahertz gap' in spin electronic devices. Further striking observations were made a few years later when short laser pulses were shown to switch the net magnetization of a ferrimagnet. This is now called all-optical switching (AOS) 2-4 . The best-studied AOS material is the amorphous compensated ferrimagnet Gd(FeCo) 3 where toggle switching can be understood by allowing for exchange of angular momentum between the Gd and FeCo sublattices due to exchange interaction between them [5] [6] [7] . The fundamentals of AOS have been subject to intense investigation since then, and several different models [7] [8] [9] [10] have been put forward, all based on transfer of energy and angular momentum between the electronic, lattice and spin subsystems. In order to understand the dynamics of switching, exchange, electronphonon interaction and spin-lattice relaxation must all be considered 10 . The key feature of all the models however, is different relaxation dynamics for the two sublattices. The Gd and transition metal spin reservoirs must be described separately, adding one extra temperature 11 to the widely accepted, phenomenological, three-temperature model (3TM) 1 for a ferromagnet. This four-temperature description (4TM), reproduces the demagnetization dynamics of these alloys quite well, indirectly validating different demagnetization dynamics for the two sublattices, as was observed by XMCD 5 .
It was shown by Mangin et al. 12 that all-optical influence on the magnetization can be achieved in various structures: alloys, multilayers, heterostructure and rareearth-free synthetic ferrimagnets. From those results it was possible to infer three empirical design rules for a ferrimagnet to show AOS: antiferromagnetic coupling, nonequivalent sublattices and perpendicular anisotropy 13 .
In this respect, a yet unexplored and fascinating new material for AOS is the ferrimagnetic half-metal Mn 2 Ru x Ga 14 (MRG). Due to its half-metallicity, it could be an ideal material for spintronic devices [15] [16] [17] . The two antiferromagnetically coupled sublattices, both Mnbased, present different temperature dependencies of their magnetizations due to the different local electronic environment at the two different crystallographic sites (4c and 4a positions in the F43m space group) 18 . There is a spin gap in one sublattice of about 1 eV, and the electrons at the Fermi level in the other subband belong predominantly to the 4c sublattice 14 . We have shown that the laser-induced spin precession resembles that of a ferromagnet, but with much higher frequency and relatively low damping 19 .
Recently, Banerjee et al. 20 have shown that MRG exhibits single-pulse all-optical toggle switching that is both similar to and very different from Gd(FeCo) 3 . In particular, the two Mn sublattices are strongly (compared to Gd(FeCo) 3 ) exchange-coupled 21 and of the same magnitude. Unlike Gd(FeCo) 3 , the differing sublattice demagnetisation rates cannot be determined entirely by the sublattice moments and their angular momenta. It must be driven by angular momentum conservation and intersublattice exchange relaxation. The question is if the spin-resolved heat capacity, determined almost entirely by the spin-polarized density of states at the Fermi level, is sufficiently distinct to account for the substantial difference in characteristic demagnetisation times. Are the two spin reservoirs in equilibrium with each other during the entire de-and re-magnetization? arXiv:2003.01420v1 [cond-mat.mtrl-sci] 3 Mar 2020
In order to answer this question, we study the demagnetization dynamics of MRG in applied magnetic fields of up to 7 T. The initial ultrafast (less than one picosecond) demagnetization is followed by a plateau or a remagnetization, and a slower demagnetization process after this. We will show that numerical simulations based on the 4TM reproduce the experimental data, and provide us with a set of intrinsic material parameters that help understand the ultrafast behaviour of MRG. The relatively strong inter-sublattice exchange interaction leads to overall faster dynamics of MRG than has been observed for Gd(FeCo) 3 .
The ferrimagnetic Mn 2 Ru x Ga sample used in these experiments has a magnetic compensation point T comp ∼ 250 K and the Curie temperature is T C ∼ 550 K. Thin films of MRG were grown on MgO (001) substrates in a 'Shamrock' sputter deposition cluster with a base pressure of 2 × 10 −8 Torr. The substrate was kept at 250 • C during deposition of MRG, and a protective, ∼ 3 nm, layer of aluminium oxide was added post-deposition at room temperature. Further information on sample deposition can be found elsewhere 18 . The thickness of the sample is 50 nm and x = 0.7.
The demagnetization dynamics were investigated using a two-colour pump-probe scheme in a Faraday geometry inside a µ 0 H max = 7 T superconducting magnet. Data shown were recorded below T comp at 210 K and 230 K. Both pump and probe were produced by a Ti:sapphire femtosecond pulsed laser amplifier with a central wavelength of 800 nm, a pulse width of 40 fs and a repetition rate of 1 kHz. The beam was split in two parts, with the high-intensity one frequency doubled by a BBO crystal (producing λ = 400 nm) and used as a pump pulse. The lower-intensity part with the wavelength of 800 nm acted as the probe. The time delay between the two pulses was adjusted using a mechanical delay stage. To improve the signal-to-noise ratio, the pump pulses were modulated by a synchronized mechanical chopper at 500 Hz for subsequent lock-in detection. Both beams were linearly polarized, and with spot sizes on the sample of 150 µm and 70 µm for pump and probe, respectively. After interaction with the sample, the probe beam was split in two orthogonally polarized components using a Wollaston prism. The pump-induced changes in transmission and Faraday rotation were thus detected by measuring the sum and the difference in intensity of the two signals. Further, the external magnetic field was applied along the easy axis (i.e. out of plane), to fully saturate the sample between each pump pulse.
In FIG. 1 the magneto-optical spectrum of MRG is plotted from 1.12 eV to 3.1 eV. The photons with energy 1.55 eV probe mainly the 4c sublattice. The main contribution to the dielectric permittivity in the visible and near infrared arises from the Drude tail 22 so that the magneto-optical probe follows the behaviour of the highly spin-polarised conduction band. However, a rather large density of states in the vicinity of the spin gap indicates that excitation of 4a states is possible as well. 23 We note that the Faraday rotation does not change sign from 1 eV to 3 eV (FIG. 1) , the hysteresis loops obtained by MOKE/Faraday match those obtained by anomalous Hall effect 19 , and the anomalous Hall angle (ρ xy /ρ xx ) almost perfectly matches the same ratio extrapolated from the optical measurements 22 . This indicates that the sublattice contributing most of the electrons close to the Fermi level is mostly responsible for the magneto-optical response at 800 nm and 400 nm.
The effect of a pump pulse with the fluence of 6.5 mJ cm −2 is shown in FIG. 1. Here, the demagnetization process for long time scales, up to 2 ns, exhibits opposite signs for opposite fields. In the dynamics we can distinguish effects that are odd and even in magnetic field from the difference and the sum (FIG. 1) . The difference is assigned to the magnetization dynamics while the sum can be explained by time-dependent changes of transmission through the sample. AOS generally proceeds in three different steps. First the ultrashort laser pulse leads to a drastic increase of the electronic temperature, above the magnetic ordering temperature T C . Subsequently, heat is transferred from the hot electrons to the spin subsystem in around 1 ps, leading to rapid demagnetization. In the case where the atomic moments of the two sublattices are substantially different, as for GdCo, they will demagnetize with different characteristic times, proportional to µ i /α i , where µ i is the sublattice atomic moment and α i its damping constant. A transient ferromagnetic state arises, followed by complete switching of the magnetic order. An important part of this process is that angular momentum is exchanged between the sublattices, due to exchange relaxation 7 , resulting in acceleration of the demagnetization for both sublattices.
In our experiment, the strong field applied along the easy axis ensures that when the system cools down (starting from few hundreds of picoseconds , FIG. 1) the initial magnetic state is restored.
The dynamics during the first 20 ps show that the demagnetization is non-monotonic. In FIG. 2 the first, field-independent, ultrafast demagnetization step happens immediately after the laser pulse, followed by a plateau or a small re-magnetization from 1 ps to 1.5 ps. After this transient state, the sample continues to demagnetize further, but at a slower rate dependent on the applied field.
This behaviour clearly resemble the demagnetizing dynamics of Gd(FeCo) 3 , where the two sublattices demagnetize at different speeds due to both their different magnetic moments and strongly different intra-sublattice exchange constants. In the case of MRG the atomic moments of the Mn sublattices are almost equal 18 and, in addition, the exchange constants (both intra-and intersublattice) 21 are considerably stronger 6, 7, 24 . Thus, the demagnetization rates for the two sublattices are expected to be similar, which is clearly contradicted by the observation of a non-monotonic demagnetization process.
In order to understand this, we note that for a strongly coupled ferrimagnetic system, the effect of a short laser pulse is different from that in a simple ferromagnet. Indeed, due to the strong antiferromagnetic inter-sublattice exchange, the total spin angular momentum can be conserved by passing it from one sublattice to the other. However, the temperature dependencies of the two are strongly different, thus an equal change of momentum corresponds to a larger variation in effective temperature for the 4c sublattice than the 4a. We think this is the main reason for the emergence of a strongly nonequilibrium magnetic state in MRG.
In FIG. 2 we also show the dependence of the demagnetization process on the magnitude of the applied magnetic field. An increase of the external field leads to a faster dynamics only for the second, slower part of the process, while the first step of demagnetization remains unaffected. During this second step of the demagnetization, the temperature of the electronic system is sufficiently reduced and does not dominate the overall dynamics of the magnetic system. That is why the influence of field becomes noticeable. Between 2 ps to 4 ps in right panel of FIG. 2, we tentatively note two periods of a high-frequency oscillation, f ∼ 0.6 THz to 1 THz which is in agreement with the frequency expected for the antiferromagnetic mode of MRG. In order to model the different behaviour of the two Mn-sublattices, we performed calculations using the 4TM described above: four coupled differential equations that describe the effect of a laser pulse on the different heat baths. The interaction of the pump pulse with the sample is described as a sudden increase of the electronic temperature, T e . Then, the system thermalizes by redistributing the heat to different heat-baths, with different time constants for each subsystem. The lattice is considered as a phonon bath (T l ), while the two magnetic sublattices 4a and 4c are represented by two different temperatures -T 4a and T 4c , respectively.
Initially, we used the set of G-parameters of GdCo/GdCoFe for the coupling constants. 1, 25 For the specific heat capacities of lattice and electron systems, C l and C e , we used values for Mn 2 Ga single crystals, 26 shown in TABLE I. The solution of the system of equations thus gives us the time evolution of the temperatures of the different subsystems, i.e. electrons, lattice and the two spin sublattices.
Fitting a single set of experimental observations with ten unknown parameters is not a recipe for reliable results. We therefore adjust each parameter manually to obtain a good agreement, while restricting them to realistic values. A difference in the electronic heat capacity of the two sublattices, C 4a and C 4c , is expected due to their different electronic density of states. In addition, the coupling constants can be qualitatively related to the strength of the magnetic exchange. We expect a strong spin-spin coupling (G ss ) and a stronger lattice-spin coupling for the 4a sublattice, G 4a ls , compared to the 4c one. Using the adjusted parameters, the electronic temperature, T e (FIG. 3 (inset) ), reaches 1345 K in roughly 100 fs, while the lattice and sublattices 4c/4a (T l , T 4c and T 4a respectively) remain close to 350 K. The heat deposited in the electronic system is then redistributed between the other subsystems. In particular, within 2 ps the elec- tronic and lattice subsystems are in thermal equilibrium. On the other hand, for the two spin subsystems, full thermal equilibrium is only reached after ∼ 10 ps. This behaviour is quite similar to that of GdCoFe, but with one major difference. We note that the temperature of the two spin subsystems in MRG follow a similar relaxation path already at ∼ 2 ps, while for GdFeCo the relaxation times are quite different. As explained above, this suggests that the interplay of a strong exchange coupling between sublattices (inter-exchange) and the electronic structure of MRG leads to dynamics where the total spin angular momentum of the two sublattices is practically conserved after a very short time of ∼ 1 ps to 2 ps.
To compare with experimental data, we converted the temperature-time dependencies following a T 3/2 Bloch law 1,11 as the strong exchange keeps some amount of magnetic order even in the non-equilibrium state (see above). FIG. 3 shows reasonable agreement between experimental data and the 4TM. In addition to the experimental data representing the 4c sublattice magnetization, we also show the 4a magnetization, inferred from the model, to highlight its strong influence on the demagnetization process. What we observe is an ultrafast demagnetization of one of the sublattices (assumed to be 4c), followed by a secular equilibrium (when the temperature of the measurement is 230 K) or by a fast remagnetization (at 210 K), and only after ∼ 1.5 ps does the second sublattice start to demagnetize, reaching its minimum after ∼ 20 ps.
Regarding the refined values of the 4TM parameters, we highlight two points. First, the coupling constant of the two magnetic sublattices is considerably stronger in MRG than for GdCoFe, as expected given the higher exchange coupling. Second, a strong difference is found in the heat capacity of the two sublattices. These values are in line with what could be expected from MRG with its two different manganese spin systems.
In conslusion, we have shown that a femtosecond pump pulse can demagnetize MRG in approximately ten picoseconds via a two-step process. This result is similar to what was already observed for amorphous GdCoFe alloys 11 . Surprisingly, here we observe a faster evolution of the demagnetization dynamics. Indeed, one of the sublattices (assumed to be 4c, based on earlier experiments and density functional theory 23 ) demagnetizes in few hundred of fs, and at ∼ 1.5 ps a second demagnetization process starts, that is assigned to the second sublattice (4a). We underline that the process observed here, and the apparent faster demagnetization of one sublattice, arises from the exchange-driven dynamics. This is supported by the similar demagnetization rate of Mn in the two sublattices and by the strong exchange in MRG.
We have modelled the experimental data, using the phenomenological 4TM model, thereby establishing, at least approximately, the intrinsic properties that govern not only demagnetization but also all-optical switching. We stress that, even though we only observe a partial demagnetization, these results highlight a pathway towards all-optical-switching in ferrimagnetic Heusler alloys. A faster demagnetization rate is essentially connected to faster heat-transfer and smaller heat capacity, that can lead to deterministic all-optical switching of MRG with switching times as short as ∼ 1 ps when the two spin reservoirs achieve equilibrium. 
